This paper reports on the device processing and characterization of hexagonal boron nitride (hBN) based solid-state thermal neutron detectors, where hBN thickness varied from 2.5 to 15 lm. These natural hBN epilayers (with 19.9% 10 B) were grown by a low pressure chemical vapor deposition process. Complete dry processing was adopted for the fabrication of these metal-semiconductor-metal (MSM) configuration detectors. These detectors showed intrinsic thermal neutron detection efficiency values of 0.86%, 2.4%, 3.15%, and 4.71% for natural hBN thickness values of 2.5, 7.5, 10, and 15 lm, respectively. Measured efficiencies are very close (!92%) This work reports on the growth of thick hBN of thickness ranging from 2.5 to 15 lm using a chemical vapor deposition (CVD) process. These hBN films were used to fabricate SSNDs with a metal-semiconductor-metal (MSM) configuration. Charge transport in these devices is along a-axis, which represents the highest charge carrier mobility path in hBN.
High efficiency neutron detectors are essential for homeland security and nuclear safeguards, since neutrons are a very specific indicator of special nuclear materials (SNMs). Development of solid-state neutron detectors (SSNDs) represents an emerging area of research, because the existing highest efficiency 3 He gas based neutron detectors have drawbacks such as high cost, bulky nature, and high pressure and high bias voltage requirement. [1] [2] [3] SSNDs utilize high thermal neutron capture cross section (r) values of neutron sensitive isotopes such as 10 B (r ¼ 3840 barns) and 6 Li (r ¼ 940 barns). 2 Most SSNDs are microstructured Si filled with 10 B or 6 Li and are of heterogeneous type with separate neutron conversion and charge collection regions. 3,4 10 B has a natural abundance of $19.9% 2 and is a constituent element of hexagonal boron nitride (hBN). hBN is therefore an excellent material for homogeneous SSND fabrication, where both neutron conversion and charge collection can occur in this semiconductor. hBN has a large bandgap, E G (5.5 eV-6 eV [5] [6] [7] ), and larger threshold displacement energy, E d , values (19.4 eV for B atoms and 23 eV for N atoms 8 ) compared to Si (13 eV), GaAs (9.8 eV), and GaN (19 eV).
9 E d , a measure of bond strength, is the energy required to displace an atom from its lattice position. Large E d values of hBN make hBN SSNDs radiation hardened. hBN SSNDs are also relatively insensitive to gamma rays. 10 Neutron interaction probability (p) of an hBN layer (with thickness t) can be estimated from the equation, p ¼ 1 À e ÀRt ; where R (¼rN) is the macroscopic cross section of 10 B, where N is the atomic number density of 10 B. The maximum theoretical intrinsic thermal neutron detection efficiency (g theory ) for an hBN device is equal to the corresponding p value. g theory values of 50% and 80% require hBN thickness (with 100% This work reports on the growth of thick hBN of thickness ranging from 2.5 to 15 lm using a chemical vapor deposition (CVD) process. These hBN films were used to fabricate SSNDs with a metal-semiconductor-metal (MSM) configuration. Charge transport in these devices is along a-axis, which represents the highest charge carrier mobility path in hBN. 11 Device capacitance (C dev ) and dark current (I dev ) of an hBN MSM SSND are orders of magnitude lower compared to microstructured Si based SSNDs. 3, 4, 12 Since lower values of C dev and I dev allow for scaling to larger device areas, hBN MSM SSNDs can be scaled to much larger detection area compared to microstructured Si based SSNDs. 3, 4, 12 MSM devices with 2.5 to 15 lm thick hBN yielded close (!92%) to theoretically expected detection efficiencies, demonstrating the hBN thickness scalability of these devices.
A low-pressure CVD system was employed for the epitaxial growth of hBN on sapphire substrates. SiC coated graphite susceptors were used, which were heated by an induction heating system. Precursors were triethylboron (TEB) and ammonia (NH 3 ) for B and N, respectively. High purity Hydrogen (H 2 ) was used as the carrier gas with a fixed flow of 2 SLM for the entire growth durations. 100 Torr was the chamber pressure. In order to reduce the large lattice mismatch between hBN and sapphire, a 10-minute low temperature (850 C) sapphire nitridation step was introduced before the hBN growth. 6, 12 The amorphous and thin nitridated layer works as a nucleation layer for hBN and effectively reduces the lattice mismatch mentioned earlier. 6, 12 The hBN growth was performed at a temperature of 1350 C. 2.5 lm and 15 lm thick hBN films exhibited broad (002) hBN peaks at 26. 2 and 26 , respectively, 11, 12 indicating slightly larger c-lattice constant compared to that of bulk hBN (6.66 Å Published by AIP Publishing. 110, 023503-1 2-inch diameter double side polished sapphire wafer is illustrated in Fig. 1(a) .
hBN SSNDs with an interdigitated electrode MSM architecture were fabricated with a complete dry processing technique developed at RPI. Figure 1(b) shows the schematic diagram of an hBN SSND. hBN films grown on sapphire substrates peel off the substrates as soon as they come in contact with any liquid if the film thickness is >0.3 lm. Hence, wet processing (e.g., photolithography) was not an option for the fabrication of hBN MSM SSNDs. For the dry processing, stainless steel shadow masks were used for both hBN etching (to define the metal electrode areas) and metal deposition (to form the electrodes). hBN was completely etched in the electrode regions. hBN etching was done by inductively coupled plasma-reactive ion etching (ICP-RIE) using SF 6 plasma, and the etch rate was $0.8 lm/min. E-beam evaporation was used to deposit metal for electrode formation. Metal contacts were 30 nm Ni followed by 250 nm Ti. Four MSM devices were fabricated and characterized. The devices are: device A (t ¼ 2.5 lm, electrode spacing, L ¼ 1 mm, and area, A ¼ 40 mm ). The optical image of device D is shown in Fig. 1(c) .
hBN SSNDs (with t ranging from 2.5 to 15 lm) showed a strong response to deep UV light, as evidenced from the I-V characteristics of the detector D (with t ¼ 15 lm) shown in Fig. 2(a) . Undoped hBN epilayers showed the resistivity of $3 Â 10 9 X cm, which guarantees a very low dark current for the fabricated detectors. No persistent photoconductivity (PPC) effects are present in the detectors, as indicated by the photocurrent decay kinetics for the devices at a bias voltage, V ¼ 150 V (not shown here). The responsivity as a function of wavelength (k) for detector D is shown in Fig. 2(b) . The detector, biased with 10 V, shows a peak responsivity wavelength (k P ) of 215 nm and a cutoff wavelength (k C ) of 225 nm, which correspond well with E G ¼ 5.47 eV measured for hBN films. 6 Responsivity decreases sharply for k > k C , since these photons have insufficient energy to overcome bandgap energy. Below k P responsivity decreases gradually, since surface recombination loss increases from the reduced penetration depth.
A californium-252 ( 252 Cf) neutron source was used to measure neutron response of fabricated detectors. Since neutron capture cross section increases with the decreasing neutron energy, it is desirable to detect thermal neutrons (0.0259 eV) using these detectors. A high-density polyethylene (HDPE) block works as a moderator, which slows down fast neutrons (from $100% 10 B), respectively. A comparison between the same MNCP calculations and experimentally measured neutron fluxes showed that overall neutron flux uncertainty is <5%. 3 The detectors were enclosed in an Al box, which reduces the electronic noise by shielding the devices from external electromagnetic radiation. All the nuclear reaction pulse height spectra measurements were performed using the following electronics: an ORTEC 142PC charge sensitive preamplifier, an ORTEC 672 pulse shaping amplifier, and an ORTEC ASPEC-927 multichannel analyzer.
Carrier mobility-lifetime product (ls) is a crucial parameter for a neutron detector, since it determines the charge collection efficiency and hence the performance of the detector. Most of the electrons and holes generated by the nuclear reactions are collected by the electrodes under the applied electric field (E ¼ V/L) if the recombination time (s) of the free carriers is larger than the carrier transit time (s t ¼ L=lE ¼ L 2 =lV) in the material. Therefore, the ls product should meet the requirement, ls ! L 2 =V for a SSND. 11, 15, 16 Higher ls products of the electrons and holes enable collection of the carriers at a smaller bias voltage for a given electrode spacing. To obtain the ls product for the carriers, the photocurrent of device D (under UV illumination) was measured as a function of the applied voltage, which is shown in Fig. 3 . Carrier excitation in hBN is uniform along the direction of electric field. For such a case, I-V characteristics are given by Many's equation,
where l n s n and l p s p denote ls products for electron and hole, respectively. I 0 is the saturation photocurrent. Both /V. Intrinsic thermal neutron detection efficiency (g) was measured for four different detectors (A, B, C, and D). For g measurement, the devices were placed 8 cm away from the front face of the moderator housing. The gold foil activation method was previously used to calibrate the thermal neutron flux (u) at this position. Calculated u values at this position were 380 n/cm 2 s, 320 n/cm 2 s, 300 n/cm 2 s, and 298 n/cm 2 s, respectively, for these devices at the time of the corresponding measurements. Applied bias voltages for the devices were 700 V, 450 V, 600 V, and 700 V, respectively. Three different measurements were taken to obtain g of each of the detectors. The first two measurements were done with the 252 Cf source kept inside the moderator housing. This moderated neutron source emits fast neutrons and gamma rays along with thermal neutrons. The second measurement had a 2-mm thick cadmium (Cd) sheet in between the bare device and the moderator. Cd absorbs the thermal neutrons and allows the fast neutrons and gamma rays to pass through it. The difference in the count rates (C Bare À C Cd ) represents the count rates caused by the thermal neutrons, where C Bare and C Cd are the count rates from the first and the second measurements, respectively. The 252 Cf source was taken out of the moderator housing for the third measurement to determine the electronic noise level. The equation for measuring g is as follows:
The measured efficiency for the devices (A, B, C, and D) are 0.86 6 0.03%, 2.4 6 0.2%, 3.15 6 0.12%, and 4.71 6 0.18%, respectively. Figs. 4(a)-4(d) illustrate the associated pulse height spectra, respectively. g theory values for these four natural hBN devices are 0.87%, 2.59%, 3.44%, and 5.11%, respectively. Effective neutron conversion efficiency (g conv ¼ g=g theory ) is termed as the fraction of the incident thermal neutrons that generated charge above the background noise level and therefore were counted by the detector. g conv values for the devices are thus !92%. Natural TEB source (with 19.9% Table I . Achievement of g conv ! 92% for SSNDs with t ranged from 2.5 to 15 lm illustrates the thickness scalability for these detectors. Fig. 4 (e) demonstrates this thickness scaling phenomenon for hBN MSM SSNDs. If these results are extrapolated to a thicker (50 lm) hBN layer on sapphire with this type of MSM device structure, a natural hBN device (with 19.9% 10 B) should achieve an efficiency close to 20%, and an enriched hBN device (with $100% 10 B) should achieve an efficiency close to 60%. Further, low device capacitance (due to device geometry and the low dielectric constant of hBN) and low dark current (arising from high resistivity of hBN) ensure that these hBN SSNDs can be scaled up to much larger areas, as compared to microstructured Si based SSNDs.
In summary, CVD grown hBN films were used to fabricate neutron detectors with an MSM device structure. Developed detector fabrication process is a completely dry one involving shadow masks, which solves the typical problem of thick hBN films peeling off the sapphire substrate during wet processing. This process enabled MSM device fabrication with hBN films of thickness of up to 15 lm, with the possibility of even thicker hBN based device fabrication. hBN MSM devices, with thickness ranging from 2.5 to 15 lm, showed close (!92%) to the corresponding theoretical maximum detection efficiencies, indicating the hBN thickness scalability of these devices. Improvement in the material quality and the dry fabrication process and the usage of enriched TEB for hBN growth would further improve the performances of these detectors. 
